The use of plant biomass for biofuel production will require efficient utilization of the sugars in lignocellulose, primarily glucose and xylose. However, strains of Saccharomyces cerevisiae presently used in bioethanol production ferment glucose but not xylose. Yeasts engineered to ferment xylose do so slowly, and cannot utilize xylose until glucose is completely consumed. To overcome these bottlenecks, we engineered yeasts to coferment mixtures of xylose and cellobiose. In these yeast strains, hydrolysis of cellobiose takes place inside yeast cells through the action of an intracellular β-glucosidase following import by a high-affinity cellodextrin transporter. Intracellular hydrolysis of cellobiose minimizes glucose repression of xylose fermentation allowing coconsumption of cellobiose and xylose. The resulting yeast strains, cofermented cellobiose and xylose simultaneously and exhibited improved ethanol yield when compared to fermentation with either cellobiose or xylose as sole carbon sources. We also observed improved yields and productivities from cofermentation experiments performed with simulated cellulosic hydrolyzates, suggesting this is a promising cofermentation strategy for cellulosic biofuel production. The successful integration of cellobiose and xylose fermentation pathways in yeast is a critical step towards enabling economic biofuel production. biofuels | cellodextrin transporter | cofermentation | intracellular β-glucosidase T here is a long history of microbial fermentation of glucose derived from cornstarch or sugarcane to fuels and chemicals. Modifying this process to ferment sugars produced from the depolymerization of plant biomass is a central paradigm for cellulosic biofuel production (1) . While hydrolyzates from cornstarch and sugarcane contain only hexoses, hydrolyzates from cellulosic biomass contain various hexoses and pentoses. Hexoses are produced following the hydrolysis of cellulose by fungal cellulases, which primarily generate cellobiose that can be further hydrolyzed to glucose by β-glucosidases. Pentoses are produced by acid treatment of hemicellulose, which releases xylose and arabinose. While the composition is variable, plant biomass hydrolyzates consists of ∼70% cellodextrins and glucose, and ∼30% of xylose (2) . Successful conversion of cellulosic biomass into biofuel will therefore require organisms capable of efficient utilization of xylose as well as cellodextrins and glucose (3, 4) .
The traditional glucose fermenting yeast, Saccharomyces cerevisiae, cannot ferment xylose because it does not possess a functional xylose assimilation pathway. However, as wild-type S. cerevisiae can metabolize xylulose using the pentose phosphate pathway, the introduction of genes (XYL1 and XYL2) encoding xylose reductase (XR) and xylitol dehydrogenase (XDH) from Pichia stipitis (taxonomic classification has been changed to Scheffersomyces stipitis) facilitated xylose assimilation in this yeast (5, 6) . In addition, either overexpression of XKS1 coding for endogenous xylulokinase (7, 8) , or introduction of XYL3 coding for P. stipitis xylulokinase (9), significantly improved the rate and yield of xylose fermentation in S. cerevisiae. Despite these endeavors, reported ethanol yields and productivities from xylose fermentation by engineered strains were much inferior to those of xylose fermentation by P. stipitis, as well as those of glucose fermentation by S. cerevisiae (10, 11) . Moreover, both natural and engineered microorganisms showed reduced ethanol tolerance during xylose fermentation as compared to glucose fermentation (12) . Combined with the lower fermentation rate, the reduced ethanol tolerance during xylose fermentation poses a significant problem in the fermentation of sugar mixtures containing high concentrations of glucose (∼70-100 g∕L) and xylose (∼40-60 g∕L) present in cellulosic hydrolyzates. Because microorganisms utilize glucose preferentially, at the time of glucose depletion (when cells begin to use xylose) the ethanol concentration is already high enough (∼35-45 g∕L of ethanol) to further reduce the xylose fermentation rate. As a result, sequential utilization of xylose after glucose depletion because of so called "glucose repression" is a significant barrier to successful utilization of mixed sugars in cellulosic hydrolyzates.
To bypass the problems caused by glucose repression in a mixed sugar fermentation, we developed a unique strategy to coferment cellobiose, a dimer of glucose, with xylose simultaneously (Fig. 1) . Wild-type S. cerevisiae cannot assimilate cellobiose because it lacks both a cellobiose transporter and a β-glucosidase capable of hydrolyzing cellobiose into glucose. Therefore, we introduced a newly discovered cellodextrin transporter and intracellular β-glucosidase from the cellulolytic fungi, Neurospora crassa (13), into S. cerevisiae strains engineered to ferment xylose. A different approach enabling cofermentation of cellobiose and xylose through a display of β-glucosidase on the surface of xylosefermenting S. cerevisiae has been reported (14) . Although both approaches target cofermentation of cellobiose and xylose, the two differ in the location of cellobiose hydrolysis and its effect on xylose transport. The surface display of β-glucosidase generates glucose extracellularly. In contrast, in the present design, cellobiose is hydrolyzed intracellularly following transport. Because xylose uptake by S. cerevisiae is facilitated by hexose transporters which are severely inhibited by glucose (15) (16) (17) , the extracellular glucose generated by surface display of β-glucosidase can inhibit xylose uptake (14) whereas the intracellular glucose from intracellular hydrolysis of cellobiose will not. Perhaps due to this fundamental distinction, our strategy achieves faster xylose and cellobiose coconsumption rates, and may prove optimal for biofuel production from cellulosic feedstocks.
Results
Construction of Cellobiose-Fermenting S. cerevisiae Through Introduction of Cellodextrin Transporter and β-glucosidase from N. crassa.
Three N. crassa cellodextrin transporters (cdt-1, cdt-2, and NCU00809) were introduced into a S. cerevisiae strain expressing an intracellular β-glucosidase (gh1-1). All three transformants were able to grow and produce ethanol with cellobiose as the sole carbon source (Fig. S1 ), but the three transformants exhibited different cellobiose fermentation rates (cdt-1>cdt-2>NCU00809). The fastest cellulose-fermenting transformant (D801-130), expressing both cdt-1 and gh1-1, consumed 40 g∕L of cellobiose within 24 h, producing 16.8 g∕L of ethanol. The volumetric productivity of cellobiose fermentation (P Ethanol∕Cellobiose ¼ 0.7 g∕L·h) was lower than that of glucose fermentation (P Ethanol∕Glucose ¼ 1.2 g∕L·h), and ethanol yield from cellobiose (Y Ethanol∕Cellobiose ¼ 0.42 g∕g or 0.26 mol∕mol C) was slightly lower than ethanol yield from glucose (Y Ethanol∕Glucose ¼ 0.43 g∕g or 0.28 mol∕mol C) under the same culture conditions. However, the observed cellobiose consumption rate and ethanol yield by the D801-130 were an improvement over S. cerevisiae strains engineered to ferment cellobiose through surface display of β-glucosidase (14, 18) . These results suggest that simultaneous expression of cdt-1 and gh1-1 in S. cerevisiae can result in an efficient cellobiose-fermenting yeast.
Construction of an Engineered S. cerevisiae Capable of Fermenting Xylose both Rapidly and Efficiently Through Rational and Combinatorial Strategies. Attempts to engineer xylose fermentation into S. cerevisiae have suffered from low yields due to xylitol accumulation, and low productivities due to slow xylose fermentation rates (10, 11) . In order to improve yield and productivity of xylose fermentation, we undertook both rational and combinatorial approaches. First, we drastically reduced xylitol accumulation through reconstituting an efficient xylose metabolic pathway. XR prefers NADPH to NADH while XDH solely uses NAD þ as cofactor (19, 20) , resulting in a redox imbalance that is thought to result in xylitol accumulation. While this imbalance has been corrected by replacing wild-type XR with various mutant XRs exhibiting higher preferences to NADH (21, 22) , these efforts resulted in much slower xylose assimilation rates despite reducing the amounts of xylitol produced, as the mutant XRs had reduced specific activities as compared to wild-type XR.
In contrast to previous studies that relied on either wild-type XR or a mutant XR, we expressed both wild-type XR and a mutant XR (R276H) in S. cerevisiae, along with XDH and XK to construct a functional xylose metabolic pathway in S. cerevisiae. The XR mutant (R276H) had been reported to exhibit much higher preference for NADH whereas wild-type XR showed twofold higher preference for NADPH (22) . The resulting xylosefermenting S. cerevisiae strain (DA24) expressing both wild-type XR and mutant XR (R276H) exhibited comparable XR activities with both NADPH and NADH in an in vitro XR activity assay. Unlike other engineered strains showing higher XR activities with preferred cofactors, strain DA24 showed similar XR activities regardless of cofactors (Table 1) .
Second, we further improved the xylose fermentation rate of DA24 using an evolutionary engineering approach (28) . The DA24 strain rapidly consumed xylose and produced ethanol with consistent ethanol yields (Y Ethanol∕Xylose ¼ 0.31-0.32 g∕g or 0.21-0.22 mol∕mol C) in both shaker-flask and bioreactor fermentation experiments (Fig. S2 ). The DA24 strain also produced negligible amounts of xylitol. Still, the DA24 strain consumed xylose slower than the naturally existing xylose-fermenting yeast, P. stipitis. Using evolutionary engineering, one strain (DA24-16) isolated after repeated subcultures of the DA24 on xylose containing medium showed much faster xylose fermentation rates when compared to the parental strain under various culture conditions (Table S1 ). The specific xylose uptake rates, ethanol yields, and ethanol production rates of the DA24 and DA24-16 strains were much higher than engineered S. cerevisiae strains reported previously (Table S2) . Interestingly, the DA24-16 strain consumed xylose almost as fast as P. stipitis, the fastest xylosefermenting yeast known. However, the ethanol yield from DA24-16 was slightly lower than that from P. stipitis (Fig. 2) .
Cofermentation of Cellobiose and Xylose Lead to Increased Ethanol
Yield and Productivity. To further improve the newly engineered xylose-fermenting strains, we introduced genes coding for a cellodextrin transporter and a β-glucosidase (cdt-1 and gh1-1) into the efficient xylose-fermenting strain, DA24-16, to construct a strain capable of consuming cellobiose and xylose simultaneously. We hypothesized that glucose repression of xylose utilization may be alleviated in this strain, due to the intracellular hydrolysis of cellobiose. One resulting strain with cdt-1 integrated into the genome of DA24-16 and expressing gh1-1 from a multicopy plasmid, strain DA24-16-BT3, coconsumed cellobiose and xylose and produced ethanol with yields of 0.38-0.39 g∕g in all conditions (Table S3) . We also investigated potential synergistic effects of cofermentation by culturing DA2416-BT3 under three different conditions: 40 g∕L of cellobiose, 40 g∕L of xylose, and and an intracellular β-glucosidase (gh1-1) from the filamentous fungus N. crassa. The modified xylose metabolic pathway utilizes xylose reductase isoenzymes (wild-type XR and a mutant XR R276H ), xylitol dehydrogenase (XYL2), and xylulokinase (XKS1) from the xylose-fermenting yeast P. stipitis. (B) Schematic fermentation profile of a sugar mixture containing glucose and xylose by the engineered S. cerevisiae. Glucose fermentation represses xylose fermentation completely so that xylose fermentation begins only after glucose depletion (analogous fermentation result shown in Fig. 5A ). (C) Schematic fermentation profile of a sugar mixture containing cellobiose and xylose by the engineered S. cerevisiae. Cellobiose and xylose are simultaneously utilized, as neither carbon source represses consumption of the other (analogous fermentation result shown in Fig. 5B ).
40 g∕L of both sugars (total 80 g∕L of sugars). Interestingly, DA24-16BT3 was able to coconsume 80 g∕L of a cellobiose/ xylose mixture within the same period that was required to consume 40 g∕L of cellobiose or 40 g∕L xylose separately (Fig. 3) . Moreover, DA24-16BT3 produced ethanol with a higher yield (0.39 g∕g or 0.24 mol∕mol C) from a mixture of cellobiose and xylose as compared to ethanol yields (0.31-0.33 g∕g or 0.21-0.22 mol∕mol C) from single sugar fermentations (cellobiose or xylose) (SI Text). Ethanol productivity also dramatically increased from 0.27 g∕L·h to 0.65 g∕L·h during cofermentation. These results suggest that cofermentation of cellobiose and xylose can enhance overall ethanol yield and productivity.
Fermentation of Simulated Cellulosic Hydrolyzates by the Engineered S. cerevisiae Capable of Cofermenting Cellobiose and Xylose. We also performed fermentation experiments comparing our engineered S. cerevisiae strain (DA24-16BT3) to P. stipitis, a yeast capable of cofermenting cellobiose and xylose efficiently. Using a simulated hydrolyzate (10 g∕L of glucose, 80 g∕L of cellobiose, and 40 g∕L of xylose) based on the composition of energycane (SI Text), the DA24-16BT3 consumed glucose first and coconsumed cellobiose, and xylose rapidly. A total of 130 g∕L of sugars were consumed within 60 h even though small inoculums were used (OD 600 ¼ 1.3, or ∼0.4 g dried cell/L). In contrast, P. stipitis could not finish fermenting the sugar mixture within the same period under identical culture conditions (Fig. 4) . DA24-16BT3 produced 48 g∕L of ethanol within 60 h (Y Ethanol∕Sugars ¼ 0.37 g∕g or 0.23 mol∕mol C, and P Ethanol∕Sugars ¼ 0.79 g∕L·h). Fermentation experiments using a bioreactor with the same or higher inoculums yielded consistent results (Table S4) . We also performed fermentation experiments of sugar mixtures containing extreme concentrations of glucose and xylose (100 g∕L of glucose and 60 g∕L of xylose) and cellobiose and xylose (100 g∕L of cellobiose and 60 g∕L xylose). As illustrated in Fig. 1B , xylose fermentation is severely delayed after glucose consumption when the mixture of glucose and xylose was used. However, cofermentation of cellobiose and xylose showed a slower ethanol production initially, but resulted in higher ethanol production at the end (Fig. 5 ).
Discussion
Although we obtained promising results from our cofermentation experiments, further improvements to these yeast strains can likely be made. For example, we observed transient accumulation of cellodextrins in the medium during cellobiose fermentation (Figs. S3 and S4). It is likely that the accumulated cellodextrins were generated by the transglycosylation activity (29) of β-glucosidase (gh1-1), and secreted by the cellodextrin transporter (cdt-1), which likely facilitates the transport of cellodextrins in both directions (intracellular ↔ extracellular). This transient cellodextrin accumulation may not reduce product yields because the accumulated cellodextrins are consumed by our engineered yeast after cellobiose depletion. However, the accumulated cellodextrins might decrease productivity because the transport rates of cellotriose and cellotetraose might be slower than that of cellobiose. We also observed that small amounts of glucose were constantly detected in the medium during cofermentation. Because even low amounts of glucose accumulation can repress xylose fermentation, glucose accumulation must be controlled at the lowest possible levels. We hypothesize that the relative expression level of the cellodextrin transporter and β-glucosidase is likely to affect glucose accumulation, because more glucose is accumulated in the medium when cdt-1 is introduced on a multicopy plasmid than when cdt-1 is integrated into the genome. For example, the strain (DA24-16-BT) with both cdt-1 and gh1-1 on a multicopy plasmid showed relatively slower xylose utilization than DA24-16-BT3, potentially because of glucose repression (Fig. S5 ). Future optimization of cellodextrin transporter and β-glucosidase expression levels, or the identification of β-glucosidases with reduced transglycosylastion activities, may eliminate the accumulation of glucose and cellodextrins during cofermentation.
Here, we demonstrated a unique strategy to allow the cofermenation of hexose and pentose sugars by S. cerevisiae. By combining an efficient xylose utilization pathway with a cellobiose transport system, we bypassed problems caused by glucose repression. As a result, the engineered yeast cofermented two nonmetabolizable sugars in cellulosic hydrolyzates, synergistically, into ethanol. The unique cofermentation method advances lignocellulosic technologies on both the saccharification and fermentation fronts. Most traditional fungal cellulase cocktails require extra β-glucosidase enzyme to be added to fully convert cellobiose into glucose for yeast fermentation. The cellobiose/ xylose cofermentation yeast makes it possible to use cellulase cocktails with limited β-glucosidase activities, lowering the enzyme usage and cost associated with the cellulose saccharification process. On the other hand, the synergy between the cellobiose and xylose cofermentation significantly increases ethanol productivity, improving the fermentation economics. Furthermore, the presence of small amounts of glucose from the pretreatment and hydrolysis of lignocellulosic materials should not affect the capacity of the engineered yeast to convert the hexose and pentose sugar mixtures into ethanol.
In this study, we measured the capacity of our engineered strain to ferment various mixtures of sugars meant to mimic hydrolyzates from plant biomass. However, we predict that the capacity of our strain to coferment cellodextrins and xylose will make it particularly useful during the Simultaneous Saccharification and CoFermentation (SSCF) of pretreated plant biomass (30) . During SSCF, hemicellulose would first be hydrolyzed by acid pretreatment, resulting in xylose and cellulose. Then, fungal cellulases and the yeast strain developed here would be added, allowing the coconversion of xylose and cellobiose released by the cellulases, into ethanol. Because little extracelluar glucose is produced in this scheme, repression of xylose utilization will be minimized, and cofermentation will proceed rapidly and synergistically.
Although the S. cerevisiae strain used in this study was a laboratory strain, the fermentation performance of the engineered strain was very impressive as compared to published results (31) . We envision that key fermentation parameters (yield and productivity) can be improved further if we employ industrial strains as a platform. Finally, applications of our cofermentation strategy would not be limited to ethanol production. Because it is a foundational technology, the strategy presented here can be combined with any other product diversification technologies to produce commodity chemicals and advanced biofuels. 
Materials and Methods
Strains and Plasmid Constructions. S. cerevisiae D452-2 (MATalpha, leu2, his3, ura3, and can1) was used for engineering of xylose and cellobiose metabolism in yeast. Escherichia coli DH5 (F-recA1 endA1 hsdR17 [rK-mK+] supE44 thi-1 gyrA relA1) (Invitrogen) was used for gene cloning and manipulation. P. stipitis CBS 6054 (32) was obtained from Thomas Jeffries at University of Wisconsin-Madison. Strains and plasmids used in this work are described in Table S5 . The primers used for confirming the transformation of expression cassettes containing cdt-1, cdt-2, and gh1-1 are listed in Table S6 .
Medium and Culture Conditions. E. coli was grown in Luria-Bertani medium; 50 μg∕mL of ampicillin was added to the medium when required. Yeast strains were routinely cultivated at 30°C in YP medium (10 g∕L yeast extract, 20 g∕L Bacto peptone) with 20 g∕L glucose. To select transformants using an amino acid auxotrophic marker, yeast synthetic complete (YSC) medium was used, which contained 6.7 g∕L yeast nitrogen base plus 20 g∕L glucose, 20 g∕L agar, and CSM-Leu-Trp-Ura (Bio 101) which supplied appropriate nucleotides and amino acids.
Fermentation Experiments. Yeast cultures were grown in YP medium containing 20 g∕L of glucose or 20 g∕L of cellobiose to prepare inoculums for xylose or cellobiose fermentation experiments, respectively. Cells at midexponential phase from YP media containing 20 g∕L of glucose or cellobiose were harvested and inoculated after washing twice by sterilized water. Flask fermentation experiments were performed using 50 mL of YP medium containing appropriate amounts of sugars in 250 mL flask at 30°C with initial OD 600 of ∼1 or 10 under oxygen limited conditions. All of the flask fermentation experiments were repeated independently. The variations between independent fermentations were less than 5%. Fermentation profiles shown in figures are from one representative fermentation. Bioreactor fermentations were performed in 400 mL of YP medium containing appropriate amounts of sugars using Sixfors Bioreactors (Appropriate Technical Resources, Inc) at 30°C with an agitation speed of 200 rpm under oxygen limited conditions. Initial cell densities were adjusted to OD 600 ¼ ∼1 or 10.
Yeast Transformation. Transformation of expression cassettes for constructing xylose and cellobiose metabolic pathways was performed using the yeast EZ-Transformation kit (BIO 101). Transformants were selected on YSC medium containing 20 g∕L glucose. Amino acids and nucleotides were added as necessary. For the construction of cellobiose consuming recombinant S. cerevisiae, transformations of cdt-1 and gh1-1 were selected on YSC medium containing 20 g∕L cellobiose. Introduction of expression cassettes into yeast was confirmed by colony PCR with specific primers (Table S6) .
Analytical Methods. Cell growth was monitored by optical density (OD) at 600 nm using UV-visible Spectrophotometer (Biomate 5). Glucose, xylose, xylitol, glycerol, acetate, and ethanol concentrations were determined by high performance liquid chromatography (HPLC, Agilent Technologies 1200 Series) equipped with a refractive index detector using a Rezex ROAOrganic Acid H þ (8%) column (Phenomenex Inc.). The column was eluted with 0.005 N of H 2 SO 4 at a flow rate of 0.6 mL∕ min at 50°C. The analysis of cellodextrin in fermentation samples was performed using high performance anion exchange chromatography (HPAEC) analysis. HPAEC analysis was performed with an analytical column for carbohydrate detection (CarboPac PA100, Dionex Co.) and an electrochemical detector (ED40, Dionex Co.). Filtered samples were eluted with a linear gradient from 100% buffer A (100 mM NaOH in water) to 60% buffer B (500 mM of sodium acetate in buffer A) over 70 min. The flow rate of the mobile phase was maintained at 1.0 mL∕ min. ) . First, the mass balances between substrate (xylose, cellobiose, and a mixture of xylose and cellobiose) and fermentation products (cell mass and ethanol) explain the improved yield of cofermentation. In both cases of xylose (Fig. 3A) and cellobiose (Fig. 3C) fermentations, about 4.8 g∕L of cells (OD ∼ 16) were produced after consuming 40 g∕L of sugars. In other words, the yields of biomass (Y Biomass∕xylose ) from either xylose or cellobiose were about 0.12 g cell∕g sugar. In cofermentation (Fig. 3B) , the final cell density was only 6.2 g∕L (OD ∼ 22) even though twice amounts of sugars (total 80 g∕L of sugars) were consumed. Therefore, the yield of biomass from the cofermentation was only 0.08 g∕g sugars. These data explain how cofermentation results in higher ethanol yield than single sugar fermentation. Second, xylose fermentation by engineered S. cerevisiae requires oxygen-limited conditions for efficient ethanol production (1, 2). As shown in Fig. 3A , ethanol production from xylose begins only when the cell density is high enough to cause oxygen-limitation (after 12 h). However, in the case of cofermentation, yeast cells grew faster and oxygen-limitation started earlier than for single sugar fermentation conditions. As such, consumption of sugars during cofermentation can be less oxidative (or more fermentative) than single sugar fermentation, which resulted in more ethanol production. In addition, the slow release of glucose from intracellular hydrolysis of glucose may exert partial glucose repression, which brings about more fermentative sugar metabolism resulting improved ethanol production while xylose transport is not limited.
Prediction of sugar concentrations in cellulosic hydrolyzates. The composition of different lignocellulosic plants varies broadly. For instance, the US Department of Energy biomass database lists the composition of more than 150 biomass samples (http:// www1.eere.energy.gov/biomass/m/feedstock_databases.html). The cellulose to hemicellulose ratios of these samples are between 1.4 and 19, and the average is 2.3. Energy crops typically have higher hemicellulose content than woody biomass. The average cellulose to hemicellulose ratios of sugarcane bagasse, corn stover, and sorghum are 2.0, 1.85, and 2.14, respectively. We therefore used a glucan/xylan ratio of 2 in our simulated sugar experiment design. The engineered yeast will likely be used in conjunction with traditional cellulase cocktails that are deficient in β-glucosidase activities for the biofuels production. The biomass hydrolysis process may result in small amounts of glucose in the lignocellulosic hydrolysates as 6-30% glucan-to-glucose conversions with incomplete cellulase cocktails were reported (3) . Considering all the above factors, a sugar combination of 80 g∕L cellobiose, 10 g∕L glucose, and 40 g∕L xylose was chosen in the simulated sugar experiments.
SI Discussion. Advantages of intracellular hydrolysis of cellobiose over extracellular hydrolysis. Our approach holds several advantages over the cell surface display strategy employed by Nakamura et al. (4) . First, intracellular hydrolysis of cellobiose via the cellodextrin transport system (5) can reduce the glucose transport load of hexose/pentose sugar transporters. The transport of the extracellular glucose, generated from extracellular hydrolysis by a displayed enzyme on cell surface, may compete with xylose for cross-membrane transportation because glucose inhibits xylose transport competitively (2, 3, 5) . In addition, the system presented in here exploits the higher affinity that cellodextrin transporter have for cellobiose (K M ≈ 3-4 μM) as compared to β-glucosidases [K M ≈ 100-1;000 μM (5)] and the S. cerevisiae hexose transporters' apparent affinity for glucose [K M ≈ 1;000-10;000 μM (5)]. The surface display of a β-glucosidase relies on the extracellular hydrolysis of cellobiose to glucose by a low-affinity beta-glucosidase followed by transport via lowaffinity hexose transporters, and will be compromised at both steps. These inefficiencies will become particularly important during simultaneous saccharification and fermentation, when soluble sugars much be kept at a concentration that does not inhibit cellulases [19-410 μM (5) ]. Second, expression levels of β-glucosidase on the cell surface needs careful optimization under given conditions in order to prevent excessive hydrolysis of cellobiose, as noted by Nakamura et al. (4) . Excessive hydrolysis of cellobiose would result in glucose accumulation at high concentrations, which would impede cofermentation of xylose. In this sense, the cellodextrin transport system is more amenable for constructing cofermenting strain under various conditions. Third, the stability of intracellular β-glucosidase will be higher than a displayed β-glucosidase because the intracellular enzyme can be protected from harsh external environments. Intracellular expression could provide a significant benefit in fermentation of lignocellulosic hydrolyzates, which contain uncharacterized toxic or poisoning compounds to enzymes. Table S4 . Cofermentation of glucose, cellobiose, and xylose (10 g∕L, 80 g∕L, and 40 g∕L, respectively) using bioreactor by DA24-16BT3 strain using different inoculums D452-2 expressing β-glucosidase (gh1-1) and cdt-1 (NCU00801) In this study D809-130 D452-2 expressing β-glucosidase (gh1-1) and NCU00809 In this study D8114-130 D452-2 expressing β-glucosidase (gh1-1) and cdt-2 (NCU08114) In this study DA24 D452-2 expressing XYL1, mXYL1, XYL2, and XKS1 (Isogenic of D452-2 except for leu2 ∷ TDH3 P -XYL1-TDH3 T , ura3 ∷ URA3-PGK P -mXYL1-PGK T -PGK P -XYL2-PGK T , Ty3 ∷ neo-TDH P -XKS1-TDH T )
